Introduction
Microencapsulation is a technique by which material is coated or entrapped within another one which forms a protective shell or wall (Burgess & Ponsart, 1998; Madene et al., 2006) .
Usually it is performed in order to isolate and protect the material from the environment or to promote the controlled release (Benita, 2005) . Complex coacervation is a spontaneous phenomenon that occurs between two oppositely charged polymers and the neutralization of these charges induces a phase separation (polymer rich phase vs. aqueous phase), which has been applied extensively in microencapsulation (Bungenberg de Jong H., 1949; Schmitt et al., 1998; de Kruif et al., 2004; Turgeon et al., 2007) Although spontaneous, this phenomenon occurs only under very specific conditions which will depend on the charge of the polymers, their charge density, the surface tension in the system, the temperature at which the system is maintained and the dynamics of the system (stirring and cooling) ( Leclercq et al., 2008) Typical steps in microencapsulation of hydrophobic material by complex coacervation process involve: i) emulsification of hydrophobic material (oil) in an aqueous solution containing two different polymers (most commonly a protein and a polysaccharide), usually at a temperature above the gelling point of protein and pH that is above the isoelectric point of protein; ii) separation into two liquid phases (an insoluble polymer rich phase and an aqueous phase that is depleted in both polymers) as a result of attractive electrostatic interactions between oppositely charged polymers caused by lowering the solution pH below the isoelectric point of protein; iii) wall formation due to deposition of the polymer rich phase around the droplets of the hydrophobic material -induced by controlled cooling below the gelling temperature; iv) wall hardening by addition of a crosslinking agent in order to obtain hard microcapsules. The most classical example of complex coacervation is the gelatine/gum arabic (GE/GA) system in which GE and GA are used as positive and negative polyelectrolyte, respectively (Lemetter et al., 2009) . The system has been successfully used for different applications such as the production of carbonless paper (Green & Schleicher, 1956 ), the encapsulation of flavour compounds (Leclercq et al., 2008; Soper, 1997; Wampler, et al., 1998; Yeo et al., 2005) and lipophilic drugs (Jizomoto et al., 1993; Junyaprasert et al., 2001 ). Gelatin can be obtained from pig skin, bovine hide, pork and cattle bones, and marine
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3 sources (warm-and cold-water fish skins, bones and fins). Worldwide religious sentiments, vegetarian nutritional requirements, the risk associated with the transmission of pathogenic vectors such as Bovine Spongiform Encephalopathy prions by tissue-derived collagens and gelatines has led to alternatives to mammalian gelatine. In these regards, gelatine obtained from marine sources has received increased interest in recent years (Karim & Bhat, 2009 , Surh et al., 2006 . for cold-and warm-water fish gelatine, respectively) enables a process at about ambient or slightly above-ambient temperatures that allows i) to reduce the duration of the heating step shortening the overall processing time, ii) to prevent the loss of volatile encapsulantes such as flavours and fragrances, iii) to preserve the bioactivity of heat sensitive components such as drugs or biomolecules. Warm water FG having a gelling temperature of 27°C and gum arabic (GA) were used to prepare microcapsules by complex coacervation (Soper, 1997; G. Dardelle, 2012) . The process was carried out at 27°C and the mixture was cooled down to 20°C. The interaction occurring between cold water FG and GA molecules in aqueous solutions has been investigated (Yang et al., 2012) . Quan et al. (2012) reported the use of FG for the production of microcapsules with a solid lipid core. The melted lipid droplets were initially produced by sonication, but the resulting microcapsules had a wide size distribution.
The design of microcapsules with tailor-made properties in terms of composition, size and size distribution and the development of mild (minimal shear) encapsulation techniques is still an important challenge in microencapsulation technology. In recent years membrane emulsification has been explored as an advanced encapsulation technique that allows the production of uniform particles of controlled size. It is a dispersion process to produce droplets of one liquid phase (e.g. oil) in a second immiscible liquid phase (e.g. water) by injecting the dispersed phase through the membrane using low energy per unit volume. The droplet size is mainly influenced by the pore size and the shear stress applied on the membrane surface (Vladisavljević & Williams, 2005) . Conventional emulsification devices (high pressure homogenisers, ultrasonic processors, rotor-stator systems) are not suitable for use when dealing with shear sensitive substances, because they apply more energy than needed for the disruption of droplets and the energy input within the device is not uniform, leading to the droplets with a wide size distribution. Membrane emulsification has been used to produce polymeric microspheres and microcapsules (Chu et al., 2002; Wei et al., 2008;  M A N U S C R I P T
ACCEPTED MANUSCRIPT
4 Gasparini et al., 2008) , solid lipid microcapsules (Kukizaki & Goto 2007) , and agarose microbeads (Zhou et al., 2007) but microencapsulation of oil droplets produced by membrane emulsification has not yet been demonstrated using complex coacervation. A microchannel emulsification system has been used to prepare gelatine/acacia coacervate microcapsules (Nakagawa et al., 2004) . However microchannel emulsification, due to the low volume flow rate of the dispersed phase, is mainly applied at the small batch scale for niche production and laboratory research.
The paper reports the use of membrane emulsification for production of uniform microcapsules with diameters between 40 and 270 µm having a single liquid oil core using cold water fish gelatine and gum arabic. The influence of operating parameters, pH, biopolymer ratio, total biopolymer concentration, presence of surfactant, and dispersed phase concentration on the production of microcapsules was investigated in a Dispersion Cell (Stillwell et al., 2008) . For scaling up of the process the conventional cross-flow membrane emulsification, where the shear is induced by recycled flow of the continuous phase, is not convenient for the production of droplets larger than 20 µm, due to break up in the pump.
Therefore the continuous membrane emulsification with pulsed (oscillatory) flow (Holdich et al., 2013) was investigated.
Methods and Materials

Experimental
Commercially available food grade sunflower oil was used without further purification. Fish gelatine from cold water fish skin, gum arabic from Acacia tree, lactic acid and 50% w/w glutaraldehyde were purchased from Sigma-Aldrich, UK.
In all the experiments mixtures of FG and GA were used as a continuous phase. Separate stock solutions of FG (10% w/w) and GA (10% w/w) were prepared by dispersing the weighed amounts of FG and GA in distilled water. The solutions were gently stirred and incubated at 40°C for 1h and were left to cool down to room temperature. Aqueous biopolymer mixtures were prepared by mixing and diluting the stock solutions of FG and GA with distilled water.
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5 During the formulation stage, which included finding the optimum pH, biopolymer ratio and concentration, emulsions were produced using a Dispersion Cell (Stillwell, 2005; Gasparini, 2008; Dragosavac, 2008) the frequency being determined from the direction of travel, and the amplitude was deduced from the acceleration measurement. The oscillation signal to the amplifier used to drive the oscillator was provided by a National Instrument frequency generator. The power amplifier drove an electro-mechanical oscillator which was connected to a bellows designed for use in a diaphragm pump, which was submerged in the continuous phase, and its oscillation provided pulsation of the liquid. This electro-mechanic means to generate pulsed flow provided separate control of frequency and amplitude. The continuous phase oscillations with a frequency of 20 to 50 Hz and amplitude between 0.6 and 1.6 mm within the membrane tube were used, corresponding to the shears between 1.3 and 12.3 Pa (Eq. 6) and the influence of the dispersed phase flow rate was also investigated. The emulsion droplets produced in the membrane module were collected in a stirred tank and slowly agitated.
In both systems 10 µm membranes with 200 µm pore spacing and porosity of 0.2% were used. The flat disc membrane had a diameter of 33 mm corresponding to the effective 
Microencapsulation
The emulsions produced at the original pH of the biopolymer mixture 
Particle size analysis
The droplet/particle size distribution and droplet/particle diameter were analysed using a laser diffraction particle size analyser (Malvern Mastersizer, Model S). For each emulsion, three separate samples and measurements were performed and the mean average of these is reported. The mean particle diameter is expressed as the volume median diameter
which is the diameter corresponding to 50% v/v on the cumulative distribution curve. The relative span of a particle size distribution (span = (D (V, 0.9 
used to express the degree of uniformity. Photomicrographs of the prepared emulsions were also taken using a Leitz Ergolux optical microscope. Position of the oil within the capsule was evaluated using a confocal laser scanning microscope (Biorad Laser Scanning Confocal
Imaging System equipped with argon laser system and Zeiss inverted microscope). For those experiments Nile Red was dissolved in the oil phase and for detection an excitation wavelength at 488 nm was used while the emission wave length was 550 nm.
Modelling of the droplet size
To predict the droplet size in a Dispersion Cell a model introduced in previous work for simple emulsions (Kosvintsev et al, 2005) was used. The droplet diameter x is calculated from a force balance of the capillary force (function of interfacial tension and pore size) and the drag force (function of a shear stress and the droplet size) acting on a strongly deformed droplet at a single membrane pore:
where r p is the pore radius, τ is the maximal shear stress, γ is the interfacial tension and x is the formed droplet diameter. The maximal shear over the whole membrane area is given by:
where r trans is the transitional radius (Kosvintsev et al., 2005) , η is the dynamic viscosity of continuous phase, ρ is the continuous phase density, ω is the angular velocity, and δ is the boundary layer thickness,
In the case of continuous membrane emulsification with pulsed (oscillatory) flow if the occurrence of turbulence and bursts near the membrane surface can be neglected, then it may be possible to correlate droplet size with the shear stress at the membrane surface based on the wave equation for shear stress (Holdich et al., 2013) :
where ω f is the angular frequency, determined by:
where f is the frequency of the oscillation and v o is the peak velocity related to both the angular frequency and the amplitude (a) of oscillation by the equation:
A peak shear event occurs when the value of wall shear provided by equation (3) is at a maximum:
The maximum shear occurs twice per cycle, and it is the maximum shear that is used in equation (1) to determine droplet size.
Results and Discussion
Effect of the weight ratio of FG to GA in the aqueous biopolymer mixtures
Most authors suggest an initial emulsification stage with gelatine (pig gelatine (Nakagawa et al., 2004; Yeo et al., 2005) or fish gelatine (Quan et al., 2012) followed by addition of gum arabic. In the Dispersion Cell emulsification was tested using 1% w/w FG, 1% w/w GA or a mixed solution of 1% w/w FG and 1% w/w GA as a continuous phase, and the results are reported in Figure 2 . The emulsions with the biggest droplet size (298 µm) were obtained when 1% w/w GA was used as the continuous phase. More than three times smaller sizes of droplets (91 µm) were obtained when 1% w/w FG or polymer blend (1% w/w FG and 1% w/w GA) was used for stabilising the droplets. A 1% w/w GA solution has a greater interfacial tension than the 1% w/w FG (Table 1 ) and a greater interfacial tension will provide larger droplets, as indicated by equation (1). In addition, GA is a bigger molecule (382 kDa) compared to the FG molecule (58 kDa) meaning that the GA molecule would diffuse slower to stabilise the droplets which would then grow longer on the membrane surface (Schröder et al., 1998) . The most uniform droplets with a span of 0.56 were produced using a mixed biopolymer solution. FG and GA had a synergistic effect on emulsion stabilization and they contributed together to form an interfacial membrane at the oil-water
interface. The biopolymer solution containing FG and GA had a different functional characteristic from either of the individual components, confirmed by the measurement of the interfacial and surface tension (Table 1) . Attractive interactions between FG and GA exist even when both polymers are negatively charged (at pH 5.5) (Yang et al., 2012) and possibly when combined together they stabilise the droplets more effectively than when separately used. Therefore, it was decided that FG and GA were mixed at various ratios and used as a continuous phase during the emulsification step. To estimate the influence of FG to GA ratio (FG:GA) in the aqueous biopolymer mixture on the median particle size and particle size Once the droplets were emulsified in the biopolymer mixture, the pH was altered to promote complex coacervation and deposition of the coacervate phase around the oil droplets. The complex coacervation reaction is a function of the FG to GA ratio in the aqueous phase and for a given FG:GA there exists a pH value at which the coacervates yield the highest turbidity (Yang et al., 2012) . The coacervation between FG and GA can occur only if the pH value of the solution is lower than the isoelectric point of FG (4.81) and the attraction between oppositely charged FG and GA molecules cause the formation of a (FG -GA)-rich phase around oil droplets. If the electrostatic attraction between FG and GA molecules was not strong enough to promote phase separation, the formation of a shell around oil droplets was not observed. Table 1 reports the pH that corresponds to the maximum reaction intensity at a given FG:GA ratio. Figure 4 illustrates the microscope images of complex coacervate microcapsules produced using different ratios of FG to GA. The capsules presented in Figure   4 were crosslinked, washed with hot water and redispersed in water to confirm the presence 
Effect of total biopolymer concentration
The size of oil droplets formed during membrane emulsification decreased with increasing the total biopolymer concentration (BP TOT ) in the aqueous phase from 0.5 to 4% w/w at FG:GA = 50:50 ( Figure 5 ). The droplets were more uniform as BP TOT increased, which could be attributed to a higher number of biopolymer molecules which were able to completely cover the entire surface of the droplets created at the membrane pore/water interface preventing droplet coalescence that could occurred immediately after emulsion production.
The increase of BP TOT decreased the interfacial tension (Table 1 ) causing a decrease in the droplet size, according to Eq. 1.
The total biopolymer concentration (BP TOT ) significantly affected the complex coacervation reaction and shell formation around the droplets. After pH adjustment the formation of the shell around the oil droplets was not observed when BP TOT was 4% w/w no matter the pH and similar behavior was observed by Yang et al. (2012) . The magnitude and the range of the electrostatic attraction/repulsion between oppositely charged biopolymers are influenced by the electrostatic screening due to the accumulation of ions around polyelectrolyte surfaces.
Higher concentration of biopolymers means more charged sites available to interact, thus more complex formed, but at the same time more counter ions released in the solution. The ions released in the solution decrease the Debye length and reduce the ability of the oppositely charged polypeptides to interact (Weinbreck et al., 2003 , Priftis & Tirrell, 2012 .
Effect of sodium dodecyl sulphate
Previous studies showed that the presence of anionic surfactants in the aqueous phase could increase the coacervation yield. Mayya et al. (2003) achieved a higher yield of complex coacervates when the SDS concentration increased from 0.005 to 0.24 % w/w. Several authors (Mayya et al., 2003; Bhattacharyya & Argillier, 2005 ) have suggested a model for the formation of the capsule wall assuming that first a primary layer of surface active
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11 polyelectrolyte-ionic surfactant complex is formed around the oil droplets, followed by a secondary layer of the conjugate polyelectrolyte-polyelectrolyte complex. They claimed that the presence of surfactant improved the wettability of the coacervate. In the tests performed here 0.01% w/w sodium dodecyl sulphate (SDS) (less than its critical micelle concentration of 0.24% w/w) was added to the 50:50 FG:GA (BP TOT =2% w/w) solution during the emulsification stage. Figure 6 shows the influence of SDS on the particle size and particle size distribution. The average particle size decreased in the presence of SDS, which could be contributed to a decrease in the interfacial tension to about half of the value measured in the absence of SDS (Table 1 ). This indicates the formation of a complex between SDS and biopolymers with a strong surface activity that was able to adsorb fast at the expanding oil/water interface providing a decrease in particle size. The presence of SDS did not change the uniformity of the particles therefore the addition of the surfactant to the solution could be beneficial if smaller droplets/particles are required.
Influence of crosslinking agent and stirring speed during solidification stage on microcapsule formation
Since gelatine is soluble in an aqueous solution, gelatine based materials including complex coacervates for long-term applications must be subjected to crosslinking, which improves both the thermal and the mechanical stability of the material. Physical crosslinking methods include dehydrothermal treatment and ultraviolet and gamma irradiation. Due to the large number of functional side groups it contains, gelatine readily undergoes chemical crosslinking (Alvim and Grosso, 2010) . Gelatine contains approximately 16 ε-amino groups and approximately 60 carboxylic acid groups on an ideal 50,000 Da molecule composed of 500 amino acid residues. Thus, the zero spacer arm crosslink bridge has the potential to form a highly crosslinked matrix (Veis, 1964) . Glutaraldehyde (GTA) is a well-known chemical crosslinking agent. Crosslinking occurs through the chemical coupling of the aldehyde groups with the free amino groups of the gelatine (Hermanson 1996) . This type of crosslinking is irreversible and resistant to extreme conditions of pH and temperature (Migneault et al. 2004 ).
The reaction of GE/GA complex coacervates with GTA was studied at the constant values of FG:GA of 50:50 and BP TOT of 2% w/w, which proved to yield the thickest shell around the particles (Figure 4 ).
Once oil was injected through the membrane into the continuous phase (a 50:50 mixture of FG and GA), the pH was adjusted to 3.5 by adding lactic acid under stirring. Shell formation was tracked under the microscope and can be seen in the Figure 7 . The concentration of GTA was varied from 0.24 to 47.6 M corresponding to GTA/FG ratio between 0.02 and 2.3 while the stirring speed was kept constant at 370 rpm and the reaction was stirred overnight. When the concentration of GTA was below 1 M, the microcapsules were not crosslinked and a sticky (unsolidified) shell was obtained around the particles. In this case, when the stirring speed was stopped the particles aggregated into soft clusters and were not able to survive washing with hot water, meaning that there were not enough molecules of GTA to crosslink the gelatine. Lowering the temperature, which is usually used during the coacervation to promoted aggregation and also numerous broken particles were observed.
Effect of dispersed phase concentration in emulsion
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When the concentration of dispersed phase in the emulsion was increased from 10 to 30% v/v at FG:GA=50:50 and BP TOT =2% w/w, the median particle diameter of emulsions was nearly constant (∼88 µm) while the particle span slightly increased from 0.47 to 0.54 ( Figure 9 ).
However, beyond 30% of dispersed phase, as can be seen in Figure 9 , the span was significantly increased up to 0.9 while the droplet size increased to 96 µm. It is possible that due to the increase in the oil concentration the number of produced droplets increased and there was not enough biopolymer present in the aqueous solution to completely cover the surface of the droplets. Figure 10 demonstrates the dependence of the median particle diameter and particle size distribution (span) with shear stress for 10% w/w sunflower oil in water emulsions prepared at FG:GA = 50:50 and BP TOT = 2% w/w. As found earlier (Kosvintsev et al., 2005; Gasparini et al., 2008; Dragosavac et al., 2011 ) the droplet size decreased with increasing the stirrer speed due to an increase in the shear applied on the membrane surface (Eq. 2) which contributes to the drag force acting on droplets (Eq. 1). The droplet size strongly decreased with increasing the stirrer speed up to 600 rpm corresponding to maximal shear stress at the membrane surface of 4 Pa. At stirrer speeds above 1000 rpm, the median drop size was virtually independent on the stirrer speed and more than 3 times smaller than that at 170 rpm.
Effect of surface shear stress
Scale-up of FG/GA complex coacervation by pulsed flow ME
Due to the great potential of microcapsules in applications for both food and pharmaceutical industries, scaling up of the system to higher throughputs was considered. A stirred cell cannot be easily scaled and therefore, pulsed flow membrane emulsification was used to scale-up the FG/GA complex coacervation. The main advantage of pulsed flow membrane emulsification is the continuous production with the ability to produce high disperse phase concentrations in a single pass of the continuous phase over the membrane surface: i.e.
without the need for recirculation of the continuous phase. Figure 10 shows the effect of shear stress on the median particle diameter and particle size distribution in pulsed flow ME.
The drop size decreased from 242 to 46 µm as the shear stress increased from 1.3 to 13 Pa.
The droplet size is a strong function of shear stress up to 6 Pa but less so at a shear stress
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14 value between 6 and 13. At the shear stress of 13 Pa the particle size was 4.6 times the pore diameter. The data illustrates that approximately the same median particle size was obtained in the same range of shear stress using the Dispersion Cell and the pulsed flow membrane emulsification, confirming that at the low transmembrane flux it is the shear on the membrane surface that governs the droplet size. Decreasing the interfacial tension (according to Eq. 1) it would be possible to produce even smaller droplets. Figure 11 illustrates the effect of the dispersed phase injection rates between 3.6 and 9.7 mL min -1 . This generated emulsions with a dispersed phase volume concentration of between 12
and 32% v/v, in a single pass in terms of continuous phase cross-flow over the membrane surface. The droplet size increased from 79 to 111 µm while the span was between 0.46 and 0.7. The droplet size increase with dispersed phase flux can be explained considering that the increase of dispersed phase flux results in an increase in the volume of oil flowing through the membrane pores during the detachment process, and the formation of larger droplets (Xu et al., 2005) . In addition, when the dispersed phase flux is increased, the drop grows faster and larger droplets are generated as a consequence of the lower concentration of the polymers at the interface in the growth phase (Schröder et al., 1998; Geerken et al., 2007) . Figure 11 shows that uniformly sized drops with a span value less than 0.5 were obtained at oil flow rate of 5.6 mL min ) and oil concentration (32% v/v) where low amount of biopolymer was available in the aqueous solution to completely cover all of the oil droplets surface that were quickly generated at the membrane pore interface.
Conclusions
Complex coacervate microcapsules with a single liquid core were produced using different weight ratios of FG to GA from 40:60 to 80:20 as a consequence of the attraction between oppositely charged biopolymers. Only the mixtures with the total biopolymer concentration lower than 4% w/w were able to undergo the separation of the initial solution and phase separation transition that determines the formation of the coating of the liquid coacervate phase around the oil droplets. Glutaraldehyde (GTA) was used to crosslink the shell formed around the oil droplets to form solid particles. A minimum concentration of GTA of 1.4 M was necessary to promote the effective cross-linking reaction between FG and GTA and the
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15 optimal GTA concentration was 24 M. Microcapsule agglomeration was observed when too low (below 200 rpm) and too high (above 600 rpm) stirring speed was used. Production of oil droplets encapsulated in a biopolymer shell by complex coacervation was successful at various production scales: batch stirred cell membrane emulsification in a Dispersion Cell and continuous pulsed flow membrane emulsification. Using a 10 µm pore sized sieve type membrane it was possible to generate droplets with a controllable median droplet size between 40 and 240 µm, with span values of significantly less than unity, and a value of ~0.46 at best in the range of shear stress between 1.3 and 24 Pa. Using very low amounts of anionic emulsifier (SDS) it was possible to produce even smaller droplets due to the decrease of interfacial tension in the continuous phase. The correlation between droplet size and shear stress appeared to provide a reasonable fit with the data obtained with both the Dispersion Cell and the pulsed flow. The pulsed flow permits formation of emulsion in a continuous way and allows the production of FG/GA complex coacervate microcapsules at large scale under conditions of room temperature, at a considerable energy saving when compared to alternative gelatine types and production techniques.
The FG/GA system has many advantages including time and energy consumption reduction and increased consumer consent for religious or diet reasons and health safety. The results
showed that the method proposed in the present work can be successfully applied for encapsulation purposes to produce microcapsules with controlled particle size and size distribution at production scale with low energy consumption (without significant temperature control) and using mild shear stress conditions compared to conventional methods used. Future work will be focused on microencapsulation of shear sensitive compounds using complex coacervation and membrane emulsification, applying the formulation and techniques described above. (a) Median particle diameter. (b) Span of particle size distributions vs. dispersed phase injection rate using the pulsed flow continuous phase system. % Table 1 Aqueous/oil interfacial tension at different weight ratios of biopolymers used for the preparation of microcapsules before and after pH adjustment. 
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